Abstract Aims/hypothesis: The present study aimed to investigate the expression levels of and the relationship between 14-3-3 ζ and protein kinase C (PKC) in the retina of early diabetes. Methods: Changes in the expression levels of, and interaction between, 14-3-3 ζ and PKC were investigated by Northern and Western blot analyses, immunoprecipitation and double immunostaining in the retina of diabetic rats after 6 weeks of diabetes. PKC activity was examined using a PKC assay. Results: In the diabetic retina, the molecular levels of 14-3-3 ζ were reduced, while those of PKC β and ζ were increased. Direct interaction between 14-3-3 ζ and PKC was markedly decreased in the retina after 6 weeks of diabetes, while PKC activity was increased. Conclusions/interpretation: These findings show that a reduction in 14-3-3 ζ can induce PKC activation, suggesting that this is a main cause of visual dysfunction in the retina during diabetes.
Introduction
The isotype 14-3-3 ζ, along with others, has been reported to play a critical role in the central nervous system [1] [2] [3] [4] , including in neuronal differentiation [5] and synaptic plasticity [6] . Moreover, this isotype is present in significant amounts in the retina, as well as in the brain, and is necessary for light adaptation processes or differentiation in photoreceptors [7, 8] . It is well established that 14-3-3 proteins function as a protein kinase C (PKC) regulator [9] [10] [11] [12] [13] . In vitro, 14-3-3 ζ has been reported to be an endogenous PKC inhibitor [5, 14] , but the role of 14-3-3 ζ in the diabetic retina remains unclear.
PKC has been implicated as an important mediator of diabetes-induced vascular dysfunction [15] [16] [17] . Furthermore, it is well known that activation of PKC in the diabetic retina contributes to abnormal haemodynamics and blood flow [18] [19] [20] .
In this study, we investigated these interactions as well as changes in molecular levels to understand the significance of the relationship between 14-3-3 ζ and PKC isoenzymes in the retina of early diabetes.
Materials and methods
Animals Diabetes was induced in male Sprague-Dawley rats (250-300 g; Samtako, Osan, Korea) by streptozotocin (50 mg/kg; Sigma, St. Louis, MO, USA). After 6 weeks of diabetes, rats were used as previously described [21] . Diabetes was defined as blood glucose being above 13.9 mmol/l [21] .
Northern blot analysis Total retinal RNA was isolated using TRIzol reagent (Gibco BRL, Gaithersburg, MD, USA) according to the manufacturer's instructions. Retinas from ten control and ten diabetic rats were pooled, and 20 μg of total RNA from each group was used for testing. All procedures have been described elsewhere [21] . cDNA probes encoding 14-3-3 ζ and PKC β and ζ labelled with [α-
32 P]deoxycytidine 5′-triphosphate were used. Each specific band was normalised to 18S rRNA for densitometry.
Primary antibodies Rabbit polyclonal anti-14-3-3 ζ antibody and mouse monoclonal PKC β and ζ antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal anti-PKC and α-tubulin antibodies were from Sigma.
Western blot analysis Retinal proteins (30 μg) were subjected to 10% SDS-PAGE and Western blotting using primary antibodies as previously described [21, 22] . Specific bands were visualised by enhanced chemiluminescence and revised to the level of α-tubulin protein for densitometry.
Immunoprecipitation Retinas were lysed in ice-cold radioimmunoprecipitation assay buffer (50 mmol/l Tris-HCl [pH 8.0], 150 mmol/l NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40) containing several protease inhibitors. The lysates (500 μg) were pre-cleared using protein G agarose (Santa Cruz Biotechnology) and immunoprecipitated with anti-14-3-3 ζ or -PKC antibodies. The immune complex was subjected to SDS-PAGE and blotting. Reciprocal experiments were performed to provide additional evidence.
PKC assay PKC activity was determined in 14-3-3 ζ or PKC immunoprecipitate using a SignaTECT PKC Assay System (Promega, Madison, WI, USA) according to the manufacturer's protocol. The biotinylated 32 P-labelled substrates were recovered from the reaction mixture using a Fig. 1 14-3-3 ζ and PKC β and ζ mRNA transcripts were decreased and increased (a and b, respectively) in the retina after 6 weeks of diabetes. mRNA: 18S rRNA ratios are presented as a fold change in diabetes (white bars) vs control (black bars). CTL, control; DM6, after 6 weeks of diabetes; 1 and 2, 2.3 and 1.8 kb mRNA transcripts of 14-3-3 ζ; 18 S, 18 S ribosomal RNA as a loading control. Data are means±SD, n=3. *p<0.05 vs control Fig. 2 14-3-3 ζ protein levels decreased in the retina after 6 weeks of diabetes (a), while PKC protein levels increased (b). Protein levels are presented as a fold change after normalisation by α-tubulin in diabetes (white bars) vs control (black bars). CTL6W, control after 6 weeks; DM6W, after 6 weeks of diabetes. Data are means±SD, n=5. *p<0.05 vs control SAM 2 Biotin Capture Membrane (Promega). Alternatively, bound radioactivity was read using a scintillation counter.
Double immunostaining
Retinal tissue preparation and immunofluorescence staining were carried out as previously described [22] . Sagittal sections (12 μm) were incubated overnight in a mixture of total PKC and 14-3-3 ζ antibodies, followed by incubation in a mixture of two secondary antibodies: goat anti-mouse IgG conjugated to carboxymethylindocyanine, and streptavidin conjugated to Cy2 and Cy3 (coloured red and green; Dianova, Hamburg, Germany). Representative retinal images were captured at a distance of approximately 0.8-1 mm from the optic nerve head using a BH-2 microscope (Olympus, Melville, NY, USA).
Densitometric and statistical analysis Densitometry was analysed using SigmaGel 1.0 (Jandel Scientific, Erkrath, Germany) and SigmaPlot 4.0 (SPSS, Chicago, IL, USA) software. Data are presented as means±SD. A MannWhitney U-test (SPSS) was used for non-parametric comparisons between the two groups. A p value of less than 0.05 was considered statistically significant.
Results
Changed molecular levels of 14-3-3 ζ and PKC isoenzymes In the diabetic retina, mRNA transcripts and protein levels of 14-3-3 ζ were significantly reduced by over 20% and 50%, respectively (p<0.05, n=3 and n=5; Figs. 1a, 2a), while those of the PKC isoenzymes were significantly increased 1.27-to 3-fold (p<0.05, n=3 and n=5; Figs. 1b, 2b) .
Interaction between 14-3-3 ζ and PKC proteins Total PKC protein, as well as PKC β and ζ isoenzymes, directly interacted with 14-3-3 ζ in the retinas, and the interaction significantly decreased after 6 weeks of diabetes (Fig. 3) .
PKC activity PKC activity in PKC immunoprecipitate was significantly up-regulated (1.5-fold) in the retina after 6 Fig. 3 Interaction between14-3-3 ζ and PKCs was reduced in the retina after 6 weeks of diabetes (a-d). The 500 μg of retinal proteins was subjected to immunoprecipitation using the antibodies indicated, followed by Western blot analysis (n=3). CTL, control; DM6, after 6 weeks of diabetes; IP, immunoprecipitation; WB, western blotting Fig. 4 PKC activity in PKC immunoprecipitates (a) and 14-3-3 ζ immunoprecipitates (b) in the retina after 6 weeks of diabetes vs control. PKC activity is presented as a fold change in diabetes (white bars) vs control (black bars). Data are means±SD, n=5. *p<0.05 vs control weeks of diabetes (p<0.05, n=3; Fig. 4a ), while 14-3-3 ζ immunoprecipitate was inactivated (p<0.05, n=3; Fig. 4b ).
Co-localisation of 14-3-3 ζ and PKC proteins Figure 5 shows that 14-3-3 ζ and PKC were co-localised in the outer plexiform layer (asterisks) and at the membrane surface of some bipolar cells in the inner nuclear layer/inner plexiform layer margin (small and large arrows) in both control and diabetic retinas. The co-immunostained signals were markedly decreased in the diabetic retina (Fig. 5c, f) . PKCpositive signals were often apparent in rod photoreceptors (arrowheads) of diabetic retinal sections (Fig. 5g) .
Discussion
The isotype 1 14-3-3 ζ plays a critical role in neuronal differentiation, synaptic plasticity and exocytosis [1] [2] [3] [4] [5] [6] 23] , while PKC activation in diabetes implies diabetes-induced vascular dysfunction [14] [15] [16] 24] . In this study, the molecular levels of 14-3-3 ζ decreased in the retina after 6 weeks of diabetes, while those of PKC β and ζ increased. This implies that the changes in 14-3-3 ζ and PKC levels might be associated with a disrupted balance between synaptic transmission and plasticity in the retina or with retinal dysfunction in early diabetes. Previously, we confirmed that isoforms other than 14-3-3 ζ did not show significant changes and that PKC β and ζ, among PKC isoenzymes, were remarkably up-regulated in the retina after 6 weeks of diabetes, although these data have not been published.
Many investigators have reported that 14-3-3s act as potential regulators of PKC, which is controlled by the interactions between them [10] [11] [12] [13] . However, the effects of 14-3-3 on PKC have been controversial, showing conflicting results of inhibition or activation [5, 9, 13] , and the biological significance of this event remains unclear. In the present study, we sequentially confirmed decreased 14-3-3 ζ levels, up-regulated PKC and less interaction between the two in the diabetic retina. Also, PKC activity in PKC immunoprecipitate significantly increased in diabetes. The results suggest that the interaction between 14-3-3 ζ and PKC is negatively influenced by 14-3-3 ζ expression rather than by PKC, and that the inhibitory action could be suppressed due to decreased 14-3-3 ζ in the diabetic retina.
The decreased co-immunoreactivities of 14-3-3 ζ and PKC in the photoreceptor and bipolar cell dendrites of the diabetic retina, revealed in areas with high PKC activity, almost correspond to those for 14-3-3 ζ, which is very important in considering the functional relationship between the two. Consequently, the decreased complex may induce a loss of signal transmission from photoreceptor terminals to bipolar cells.
In summary, a decrease in the 14-3-3 ζ/PKC complex may cause PKC activation and induce severe vascular or neuronal dysfunctions, as well as abnormal signal transduction in the retina, even in early diabetes. We suggest that regular expression of 14-3-3 ζ or of the 14-3-3 ζ/PKC complex may be important in maintaining normal vision in the retina. 
